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Using density functional theory, we investigated the position preference and diffusion mechanisms of
interstitial oxygen ions in lanthanum silicate La9.33Si6O26, which is an apatite-structured oxide and
a promising candidate electrolyte material for solid oxide fuel cells. The reported lanthanum vacancies
were explicitly taken into account by theoretically determining their arrangement with a supercell
model. The most stable structures and the formation energies of oxygen interstitials were determined
for each charged state. It was found that the double-negatively charged state is stable over a wide range
of the Fermi level, and that the excess oxygen ions form split interstitials with the original oxygen ions,
while the neutral and the single-negatively charged states preferably form molecular oxygen. These
species were found near the lanthanum vacancy site. The theoretically determined migration pathway
along the c-axis essentially follows an interstitialcy mechanism. The obtained migration barrier is
sensitive to the charge state, and is also affected by the lanthanum vacancy. The barrier height of the
double-negatively charged state was calculated to be 0.58 eV for the model structure, which is consistent
with the measured activation energy.
1. Introduction
The solid oxide fuel cell (SOFC) is a wide-temperature-range
(500–1000C) electrochemical device that utilizes hydrogen or
hydrocarbons as an anode fuel. The SOFC has become a viable
replacement for existing power sources due to its high energy
conversion efficiency, fuel flexibility that may allow direct oper-
ation on natural gas, and environmental safety.1 Recent progress
in SOFCs can be partly attributed to the development of new
electrolyte materials, which are a key component of the electro-
chemical cell.2
Among the novel oxygen ionic conductors reported in the
recent literature, apatite-structured lanthanum silicates have
been of great interest because of their high ionic conductivity,
low electronic conductivity, intermediate operational tempera-
ture range, and moderate thermal expansion coefficients.3 For
example, an electrochemical cell with an apatite-type
La10Si5.5Al0.5O26.75 electrolyte was recently re-evaluated.
4 This
material has a higher conductivity than yttria-stabilized zirconia,
and is comparable to most of the solid electrolytes proposed for
the intermediate temperature range, such as doped ceria and
lanthanum gallate-based electrolytes.
Lanthanum silicate La9.33Si6O26 has the P63/m space group
5,6
and belongs to a general class of ‘apatite’ compounds (Fig. 1).
These compounds contain compact tetrahedral ‘anion’ structural
units (SiO4)
4 with strong covalent bonding, which are net-
worked with each other to produce higher-coordination sites
such as nine-coordinated and trigonal bi-pyramidal sites that are
occupied by lanthanum ions. The former is (1/3, 2/3, z) 4f in the
Fig. 1 The apatite structure of La9.33Si6O26. The atoms in different
Wyckoff positions are labeled accordingly in one of the unit cells. The
atomic environment encompassing the conduction channel used to
illustrate the oxygen interstitial position in Fig. 4 is indicated by dashed
lines.
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Wyckoff notation, and the latter is (x, y, 1/4) 6h. These sites,
however, necessarily contain vacancies because of the non-stoi-
chiometric La content, and structural analysis has indicated that
these are limited to the 4f sites. The framework formed by
(SiO4)
4 units and La ions at the 6h sites circumscribes a [001]
hexagonal channel.
As with virtually all ionic conductors, the properties of
La9.33Si6O26, and therefore its performance, are defect sensitive.
Previous studies7 of oxygen conduction/diffusion in the
La9.33Si6O26 system have supported the idea that the oxygen
interstitial (Oi) is the dominant charge carrier, instead of the
usual oxygen vacancy. Thus, the concentration of Oi controls the
transport properties of these electrolytes. A migration mecha-
nism of Oi in La9.33Si6O26 has been proposed on the basis of
atomistic simulations. Using modified interatomic potentials,
Tolchard et al.8 found that the oxygen ionic conduction/diffusion
adopts a non-linear (sinusoidal-like) pathway through the stable
position near the edge of the open channel. Recently, a new
oxygen interstitial configuration and a migration mechanism
with a lower migration barrier in La9.33Si6O26 were proposed by
Bechade et al.9 on the basis of a similar atomistic simulation
technique.
Despite these achievements, and to clarify the ambiguities,
a thorough and precise understanding of the most stable
configuration and the migration mechanism of oxygen defects at
an electronic level for apatite oxide-ion conductors is required. In
addition, the lanthanum vacancy (VLa) is expected to introduce
a large inhomogeneity in the potential energy of defects, since the
electrostatic potential will be less screened by electrons than in
metals. However, the role of VLa in the diffusion of Oi has not
been sufficiently considered. For example, if the inhomogeneity
creates a trap for the diffusing species, the migration barrier
would be primarily determined by its depth. In the present
system, since the oxygen atom is assumed to migrate in a one-
dimensional channel, the effect of the inhomogeneity could be
significant in the migration.
In this study, we examined the oxygen ionic conduction
mechanism in La9.33Si6O26 using the extensively employed
density-functional theory. We determined (i) the electronic
structure of La9.33Si6O26, (ii) the most stable geometry and
formation energy of Oi, and (iii) the migration path and energy
barrier of Oi, explicitly considering the effects of the charge state
and the relative geometry to the preexisting VLa. The results will
be presented and discussed after a description of the theoretical
details.
2. Theoretical scheme
Total energy calculations were carried out within the density
functional theory (DFT) with the generalized gradient approxi-
mation (GGA) in the Perdew-Burke-Emzerhof form.10 The
electron-core interaction was represented by the ultrasoft pseu-
dopotential method.11 The psedopotentials were generated by the
reference configuration of 2s2 and 2p4 for O, 3s2 and 3p2 for Si,
and 5s2, 5p6, 5d1, 6s1.5, and 6p0.5 for La. Plane waves of which
kinetic energy is less than 50 Ry were used as basis functions for
the wave functions, and 200 Ry for the charge density distribu-
tion. The error due to these cut-off energies was 2.0 104 eV per
cell.
Lattice constants and internal positions in perfect unit cells
were fully optimized until all residual Hellmann-Feynman forces
on each atom and residual stresses were reduced to within 103
Ry Bohr1 (2.6 102 eV A1) and 0.05 GPa, respectively. The k-
point mesh for the Brillouin zone integration was selected
according to the Monkhorst–Pack scheme.12 The numerical
calculations were performed using the PWSCF code.13
A supercell was constructed for the calculation of La9.33Si6O26
and for systems with excess oxygen. The size of the supercell was
chosen to be 1  1  3 times the conventional apatite unit cell,
amounting to 124 (+1) atoms. This was the minimum practical
size for the explicit modeling of VLa. Throughout present paper,
atomic coordinates in the supercell are expressed in units of the
lattice constant of the conventional cell. A 2  2  2 shifted k-
point mesh was adopted for the total energy calculation. In the
charged defect calculations, a specific charge was assigned to the
supercell. A neutralizing homogeneous background charge was
assumed in order to avoid divergence of the long-range interac-
tions between the defect and its periodic images. No further
correction for this interaction was included in the present
calculations since there is an ambiguity on screening of the defect
potential by the surrounding electrons and ion clusters.
The formation enthalpy Ef[Xq] of defect species X in charge
state q is given by,14
Ef ½Xq ¼ Etot½Xq  Etot½bulk 
X
i
nimi þ q

EF þ Ev þ DVq

;
(1)
where Etot[bulk] and Etot[Xq] are the total energies of the perfect
and defect-containing supercells, respectively, and mi and ni are the
chemical potential and the number of the i-th atom, respectively.
EF is the Fermi level, measured from the top of the valence band
(valence band maximum, VBM) Ev. For consistency in the total
energies of a charged defect and of the perfect cell, the potentials
were aligned by DVq in eqn(1), which was estimated from the
energy bands localized at atoms away from the defect center.
It should be noted that spin polarization is necessary for
precise estimation of the energy of the open shell case in DFT,
such as that of a single negatively-charged oxygen interstitial. In
our case, however, the spin polarization was found to not
significantly affect the stability of the charged states, and the
energy reduction due to the spin polarization was only 0.036 eV
in the total energy of the stable geometry.
The nudged elastic band (NEB) method15 was used to find the
migration paths and to evaluate potential barriers on these paths.
In the migration path search, all conditions were the same as in
the total energy calculation of the supercell except for the k-point
sampling, in which only the G point was used. In order to esti-
mate the error caused by the smaller sampling, calculations of all
oxygen interstitial migration barriers with a k-point sampling at
the M point (0, 1/2, 0), but not at the G point, were performed
separately. The difference in the resulting migration energies was
within 0.005 eV.
3. Results and discussion
3.1 Crystal and electronic structure of La9.33Si6O26
Prior to carrying out the supercell calculations to model oxygen
interstitials, energy minimization of the original La9.33Si6O26
This journal is ª The Royal Society of Chemistry 2011 J. Mater. Chem., 2011, 21, 3234–3242 | 3235
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lattice was performed to generate the equilibrium structure. Since
the current content of the lanthanum silicate in the apatite-type
structure assumes VLas, their configuration and energetics were
explored first. Previous experimental results indicated that VLas
reside at the 4f La sites. To determine a distribution of VLas and
minimize structural distortion, four different arrangements of
VLas in opposing columns of the 1  1  3 supercell were
examined to find the most stable configuration of the host
La9.33Si6O26 lattice and address any possible vacancy-vacancy
interactions. The examined La vacancy arrangements are indi-
cated as the n-th nearest neighbors to a preexisting VLa.
To better understand the VLa arrangement in our specified
supercell, we mapped the relevant interaction energies between
VLas in Fig. 2, which was obtained from the total energies of
independent VLas and the no-vacancy lattice. It can be seen that
the arrangement denoted as 4NN was predicted to be the most
favorable of these configurations. The results also indicate that
the interaction between the vacancies is repulsive, even for 3NN.
Therefore, the vacancies should tend to be distributed uniformly.
Experimentally, there is no evidence of an ordered arrangement
of VLas. The random distribution of VLa is probably a quenched
structure that is dependent upon the sample preparation condi-
tions. We assumed the 4NN configuration of VLa in the present
calculations. We also note that for the excess-La case, the atoms
tend to distribute uniformly because of the positive interaction
energy values.
Calculated and experimental lattice constants and formation
enthalpies DEf of La9.33Si6O26 and binary oxides, SiO2 (a-quartz)
and La2O3, are summarized in Table 1. It can be seen that the
GGA calculations reproduced the experimentally-determined
structural parameters of La9.33Si6O26 with errors of less than
0.6%. The deviations of the calculated internal atomic coordi-
nates from the experimental values are also within 1.0%, but are
not listed in the table. The calculated formation energies were
underestimated in absolute value, compared to the experimental
values. Such deviations have often been observed in GGA
calculations for oxides, and an explanation associating it with the
error in the ionization energy of an oxygen atom has been
proposed.16
Fig. 3 exhibits the total and electronic projected density of
states (total DOS and PDOS) for La9.33Si6O26. PDOS is obtained
by projecting the wavefunctions onto the orthogonalized atomic
wavefunctions. The calculated total DOS indicated that the
energy gap Egap of La9.33Si6O26 is 4.87 eV, indicating electroni-
cally insulating properties, as expected from the nominal ionic
valence. It should be noted that GGA is known to underestimate
the energy gap by 50% or more, generally. Although the present
result seems to underestimate the gap, there is insufficient
experimental data on the band structure of La9.33Si6O26 for
a proper comparison.
The PDOS analysis in Fig. 3 indicates that the highest valence
band is formed mainly by the O-2p orbitals, hybridized with
components of the surrounding cations. In the relatively lower
energy region from around 7.0 to 3.0 eV, the valence band
consists of the O-2p orbitals at 6h and 12i sites hybridized with
the 3s/3p component of Si and a partial contribution from the
La-5d orbitals. The O-2p orbital at the 2a site is distributed over
a higher energy range from 5.0 eV to the VBM, along with
some components of the La-5d orbitals. As noticed in Fig. 3, the
bottom of the conduction band (the conduction band minimum,
CBM) is mainly composed of the La-5d orbital.
3.2 Fermi-level-tuned oxygen interstitial position
In order to find the most energetically stable excess-oxygen
atomic configurations, different inserted positions, from the
conduction channel center to its periphery, and different
symmetric arrangements were carefully examined, including the
interstitial positions reported experimentally and theoretically
for several of the charged states. The obtained equilibrium
geometries are displayed in Fig. 4. Both the neutral and single-
negatively charged oxygen interstitial (Oi
 and O0i in the Kr€oger-
Vink notation) have configurations characterized by a linear
arrangement of an oxygen interstitial pair along the [001] direc-
tion in the conduction channel center. This arrangement is
formed when an inserted oxygen atom pushes a second oxygen
atom in the 2a position away, placing their midpoint on the
original lattice site. The equilibrium interatomic distances of the
split oxygen atoms for Oi
 and O0i are 1.520 Aand 2.175 A,
respectively. While the displacement of the surrounding atoms
caused by Oi
 is quite small, despite the split pair formation, no
bigger than 0.1 A. O0i causes larger local distortion: The
maximum displacement (0.247 A on average) occurrs at the 2a-
site oxygen atoms neighboring the split pair.
In the case of the double-negatively-charged oxygen interstitial
(O00i), as illustrated in Fig. 4 (c), the lowest energy oxygen
interstitial configuration is also the split interstitial, but its
midpoint is not at the channel center and the split pair axis is
aligned in the [012] direction. The calculated equilibrium posi-
tions are (0.0820, 0.0964, 0.6093) and (0.0117, 0.1051,
0.9144), which are separated by 2.787 A. The observed distortion
has long-range characteristics with relatively large displacements
(0.15–0.56 A), including La atoms (6h-site) neighboring each O
atom in the pair and surrounding O atoms (2a-, 6h-, and
12i-sites). The most stable configuration obtained by Bechade
et al.9 with atomistic simulation was (0.0883, 0.106, 0.588)
Fig. 2 Lanthanum vacancy interaction energies as a function of
lanthanum vacancy spacing: nNN (n ¼ 1, 2, 3, and 4) denotes
a lanthanum vacancy at the n-th-nearest spacing to the preexisting
lanthanum vacancy. The finite La9.33Si6O26 supercell used is shown in the
inset.
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and (0.0177, 0.106, 0.912), in which the crystal axes are con-
verted, and both calculations agree to within 0.2 A on the equi-
librium position of the interstitial oxygen.
The present study assumed VLas explicitly in the supercell, and
their configurations were modeled as described in the previous
section. Their positions with respect to the split pair position
given above are (1/3, 2/3, 1/2) and (2/3, 1/3, 2). It follows that the
split pair of excess oxygen resides near one of the vacancies. The
pair’s relationship with the vacancy will be discussed in the next
section.
In the present calculations it was found that some stable
interstitial positions in a specific charged state become less stable,
or even unstable, when more electrons are inserted or removed.
Other geometrical positions become stable, demonstrating
charge-induced multistability in the La9.33Si6O26 conductor. This
is because these interstitial configurations are quite sensitive to
the surrounding atomic bonding environment arising from local
charges.
It is interesting to compare the interatomic distance of the
neutral split interstitial pair with the atomic and ionic radii; twice
the radius of the neutral oxygen atom is 1.2 A, and twice the ionic
radius is 2.76 A. The separations of Ois in the neutral and single
negatively charged states are between these two values. This
indicates that a covalent bond is formed in the split pair. The
separation between the O atoms in the double-negatively-
charged pair is close to twice the ionic radii. In this case, the split
Table 1 Calculated and experimental lattice parameters and formation energy DEf of La9.33Si6O26 apatite 1  1  3 supercell, renormalized with
respect to the equivalent unit cell, and for SiO2 and Al2O3
This work Atomistic calculations Experiments
La9.33Si6O26
a/A 9.725 9.9089c, 9.7607f 9.719a, 9.7158b, 9.7248d, 9.71297e
c/A 7.150 7.1659c, 7.1178f 7.187a, 7.1883b, 7.1895d, 7.17950e
DEf (eV/f.u.) 134.610 151.314g
SiO2
a/A 5.032 4.913
c/A 5.523 5.405
DEf (eV/f.u.) 8.313 8.36h 9.45
La2O3
a/A 3.896 3.94i 3.939
c/A 6.156 6.19i 6.136
DEf (eV/f.u.) 16.843 17.62i 18.568
a Data of Iwata et al.17 b Data of Leon-Reina et al.18 c Based on results of Bechade et al.9 d Data of Sansom et al.19 e Data of Matsushita et al.6 f Based on
results of Islam et al.20 g Data of Risbud et al.21 h Based on results of Detraux et al.22 i Based on results of Kuwabara and Tanaka.23
Fig. 3 Total and projected density of states for the host La9.33Si6O26 lattice. Filled-in regions of the total DOS represent occupied states, and the top of
the valence band is indicated by a vertical broken line.
This journal is ª The Royal Society of Chemistry 2011 J. Mater. Chem., 2011, 21, 3234–3242 | 3237
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pair consists of closely packed oxygen ions. We refer to the
charge state as if it were for a single interstitial atom. The elec-
tron distribution, however, should be considered to extend over
both atoms.
In materials with an energy gap, the Fermi level is a critical
parameter in determining alternative defects and their charge
states. The formation enthalpies of Oi with respect to the position
of the Fermi level are presented in Fig. 5 (a).
Among all of the charged states considered, the full formal
charge state is the most stable in a wide energy range of the Fermi
level. The formation enthalpy of an oxygen Frenkel pair O0 0i and
VO$$ in La9.33Si6O26 was estimated from the energies of formation
of a separated interstitial atom and a vacancy to be 3.83 eV. This
value is quite large compared to the typical measured activation
energy value for oxygen conduction of 0.4–0.8 eV.
The transition level 3(q1/q2) can be defined as the Fermi level
position at which the charge states q1 and q2 have equal forma-
tion energies.24 3(O0 0i/O
0
i) and 3(O
0
i/Oi
) have been obtained as
1.24 and 1.35 eV from comparison of the formation energies,
respectively. Thus, the second acceptor level (O0 0i/O
0
i) is below
the first acceptor level (O0i/Oi
). This would correspond to
a negative Coulomb parameter, and would make O0i
thermodynamically unstable. The transition levels of the charge
states may be affected by the underestimation of the GGA gap.
The effect of the gap underestimation has often been corrected in
accordance with the following: if the one-electron states induced
in the energy gap have a predominantly conduction-band char-
acter, they will likely shift upward with the conduction band
when band-gap corrections are applied.24 For valence-band
derived states, the band-gap correction will only modestly affect
the results. In the present results, the gap states were found to
have the same character as that of the valence band, O-2p.
Therefore, according to the above-mentioned consideration, the
effect of the energy gap error should be small.
Fig. 6 shows the density of states projected on the O-2s and
2p orbitals of the two O atoms in a split interstitial as a blue
shaded area, and the total DOS plotted as dot-dashed lines. The
energy scales in Fig. 6 have been shifted to align the VBM with
the reference energy of the model host La9.33Si6O26 for
comparison. When the excess oxygen is inserted, extra defect
states are introduced into the energy gap, along with several
common features in the valence band. Along with the incor-
poration of Oi
, the induced defect state in the energy gap is
located near the CBM and remains unoccupied. In O0i,
Fig. 4 Different views of the geometric structures of the lowest energy oxygen interstitial in La9.33Si6O26: (a) neutral, (b)1 charged, and (c)2 charged
states. The oxygen ions in the split pair are indicated by arrows.
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half-occupied bands are observed deep in the band gap. The
incorporation of O0 0i introduces fully-occupied extra states near
the VBM.
To provide additional insight into the charge distribution, and
to help visualize the spatial distribution of the wave functions for
the defect levels, we present a three-dimensional isosurface of the
electron states in real space in Fig. 7. The isosurface of the one-
electron states of the highest occupied and lowest unoccupied
state are illustrated for the host and charged excess-oxygen
supercells. For host La9.33Si6O26, it is evident that the electronic
states of the VBM are strongly localized at oxygen atoms at the
2a site with the spatial orientation of the O-2p orbitals aligned
Fig. 5 Variation of (a) the formation enthalpies Ef and (b) the activation
energies Ea (¼Ef + Em, where Em is the migration barrier) of the oxygen
interstitial as a function of the Fermi level under oxygen-rich conditions.
The regions around the transition levels are expanded in the inset.
Fig. 6 Projected density of states at split-interstitial oxygen sites for (a)
neutral, (b) 1, and (c) 2 charged states (the blue-shaded area corre-
sponds to the left axis). The total DOS of each defective supercell is
plotted as a dot-dashed line (which corresponds to the right axis). The
VBM of ideal La9.33Si6O26 was set to zero. The broken lines indicate the
position of the highest occupied state.
Fig. 7 The isosurface plot of the amplitude of the wave function of
0.1 A3/2 of the highest occupied state (top panels) and the lowest unoc-
cupied state (lower panels) for (a) the host and (b)–(d) oxygen-interstitial
incorporated La9.33Si6O26 in different charge states: neutral, 1, and 2,
respectively. Note that the highest occupied and lowest unoccupied states
are degenerate in the 1 charge defect-containing structure. Only atoms
close to the oxygen interstitial are displayed. Oxygen split-interstitial
pairs are indicated by arrows.
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along the [001] direction. Similarly, La-5d is observed in the
unoccupied state. These are indicated in the PDOS analysis in
Fig. 3. From Fig. 7 (b), it can be seen that the unoccupied defect
state of Oi
 has large amplitude in the interstitial region, indi-
cating a ps-like anti-bonding characteristic. In the charged
states, there is clear evidence that the wave function from the
occupied defect level remains localized at the oxygen interstitial
sites, and is characterized by an antibonding state, but these
defect levels are located much lower in the gap, as shown in
Fig. 6. The spatial orientation of the 2p orbitals of O0 0i is
significantly different: the defect level becomes more localized
than that of O0i.
3.3 Mechanism and energy barrier of oxygen interstitial
migration
The diffusion path in the perfect crystal can be defined by the
change in atomic positions between two configurations which are
equivalent in symmetry, but separated by some distance.
Although no symmetry will exist in the real La9.33Si6O26 material
due to the random distribution of VLas, the model for this
distribution in the present study causes P63 symmetry in the
supercell. For example, the points (x, y, z) and (y,x + y, z + 3/2)
are equivalent. Thus, the diffusion path between these points was
investigated. It should be noted that there are semi-equivalent
configurations along the path: If VLa did not exist, there would be
more equivalent points, which would be separated by (1/2)c
along the [001] direction with three-fold rotational symmetry.
Fig. 8 is the potential energy profile of oxygen interstitial
migration in different charged states, calculated using the present
structural model. It can be seen that O0 0i, which is the most stable
in a wide range of EF, has a bumpy profile. We found that there
are metastable configurations along the path, corresponding to
the semi-equivalent points described above. The split interstitial
pairs for these are centered at (0.03725, 0.00485, 1.2402) and
(0.0362, 0.00225, 1.74795). We denote the most stable
configuration and its nearest equivalent as A and A0, respectively,
and the semi-equivalent states as B and C. The metastable
configuration B in the figure was found by the full relaxation of
the atoms, although the potential energy profile exhibits no local
minimum at B due to the coarse mesh in the NEB diffusion path
search. Moreover, another metastable configuration was added
between the A and B configurations. Except for this additional
metastable configuration, the other three configurations are very
similar: the split interstitial is located at the original O 2a sites.
The highest energy in the present energy profile for the double-
negatively charged state was found between configurations C and
A0, and the migration barrier, or the energy measured from the
potential of A, is 0.58 eV. Although the real VLa distribution will
deviate from that of the present model, the results indicate that
VLa creates an energy difference between the configurations from
0.26 to 0.11 eV, measured from that of B, modulating the
potential energy profile between sites. It can be expressed as
a sum of the linear energy change between the sites and a primi-
tive energy barrier of 0.15–0.3 eV. Assuming that the highest
energy along the path is associated with configuration C and
a half of the maximum primitive energy barrier, it will be 0.11 +
0.15 eV measured from B, resulting in a migration barrier of
0.52 eV from configuration A. The reported activation energies
of ionic conductivity in La9.33Si6O26, based on impedance
measurements, are distributed in the range of 0.51–0.80 eV.25–27
Despite the simplicity of the model, the calculation values did fall
within this range.
The present calculations demonstrate that an atomic config-
uration change between A and B occurs as follows: One of the
split interstitial pairs of atoms migrates to the original 2a site. At
the same time, the other atom approaches the adjacent O atom at
the 2a site to form a new pair. Due to the slanted geometry of the
pair, the migrating oxygen interstitial pair adopts a simultaneous
rotation. The changes from B to C and from C to the adjacent A
occur in the same manner.
The migration mechanism of O0 0i proposed by Bechade et al.
9
is very similar to the present one, as is the most stable geometry.
Nevertheless, the migration barrier obtained here is about
0.21 eV higher than their result. The difference in the present
theory is the explicit consideration of the effects of VLa and the
use of the total energy theory. Interestingly, their calculated
migration barrier was similar to the barrier height estimated in
above analysis between the stable and metastable sites. It follows
that VLa enhances the migration barrier.
Similar migration paths were found for other charged states.
The metastable B and C configurations in the split pair were
found at the original O 2a sites, configured parallel to the c-axis
as in the most stable configuration of Oi
 and O0i. The change in
the split pair position occurred in a similar manner to that of O00i,
but the atomic movements are confined to straight lines. The
energy barrier for the whole migration path of Oi
 was estimated
to be 0.85 eV. In the charged O0i migration path, the interstitial
pair migrates via a similar transient configuration to that of the
neutral case, except the interatomic distance between the two
interstitial atoms is larger. This path was estimated to have
a much lower migration energy of 0.38 eV than the uncharged
case.
The energy profiles, especially, for the Oi
 state, are rather
simple. This might be because oxygen moves only on the c-axis,
or the lower charge of Oi might have been less affected by VLa. In
fact, the energy difference between the stable and metastable
configurations is less than 0.2 eV. On the other hand, for the O0 0i
migration, when La and VLa at the 4f sites are replaced by other
combinations of elements with smaller charge differences,
a change in the energy differences between the stable and meta-
stable configurations would be expected. Unfortunately, the
current experimental data are scattered over a rather wide range,
making comparison difficult.
The calculated formation enthalpies and migration barriers can
be combined to yield the oxygen activation energies as a function
of the Fermi level when the system is attached to a reservoir. These
results are shown in Fig. 5 (b). The overall features closely
resembles those of the formation enthalpies, but O0i becomes
energetically stable in a narrow range of the Fermi level.
While the present lanthanum compounds are known to exhibit
an interstitial or interstitialcy mechanism of oxygen diffusion, the
vacancy mechanism is very popular in many oxides. We also
estimated the energy change along a part of the migration path of
the oxygen vacancy in the double-positively charged state. We
observed 1.16 (forward) and 1.24 (backward) eV along the z
direction, which is much higher than that of the interstitialcy
mechanism.
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The Arrhenius-type temperature change of the diffusion
constants has often been interpreted as indicating a thermal
formation of the defect and thermal diffusion. The calculated
migration barrier height is close to the experimental activation
energy. Furthermore, the formation enthalpy of the oxygen
Frenkel pair is much larger, as described above. Thus, the present
calculations suggest that the excess oxygen has an extrinsic origin.
4. Conclusions
This work provides the first theoretical determination of the
position preference, formation enthalpies, and migration barrier
of O interstitial ions in La9.33Si6O26 within the DFT using the
supercell method. Special attention was given to structural
exploration, electronic structure analysis, and the effects of the
charge state. The VLa distribution was modeled in the supercell
and determined to be the energetically favorable state. It was
then used as the equilibrium structure for electronic structure
analysis. We obtained 4.87 eV as the density-functional energy
band gap. We also studied the chemical bonding in La9.33Si6O26,
and provided a picture of the electronic structure of this apatite-
structured material.
Different stable atomic configurations were recognized
for excess-oxygen La9.33Si6O26, depending on the charge state.
Fig. 8 Potential energy profiles of the oxygen interstitial diffusion path between equivalent coordination in excess-oxygen La9.33Si6O26 with different
charge states: (a) neutral, (b) 1, and (c) 2. The metastable intermediate state is denoted by the broken line. The changes in the local atomic
configurations of the conduction channel in the starting, intermediate, and ending images denoted in the left panel are also illustrated in the right: the
yellow balls symbolize the inserted oxygen interstitial and the blue balls indicate the moving transition oxygen atoms. The atomic configurations
obtained for state C are similar to those of states A and B.
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A split O interstitial pair was formed by pushing an O atom in the
2a Wyckoff position away from its normal site by an inserted O
atom, and was aligned along the [001] direction for the neutral
and1 charged interstitials, or with the midpoint of the split pair
deviating from the channel center and pointed in the [012]
direction in the 2 charged case. For a possible Fermi level
range, the oxygen interstitial in its full formal charge states, O0 0i,
is in predominance, with an additional contribution from Oi
.
This stable atomic configuration proposed for O0 0i is very close to
that obtained in previous atomistic simulations. In all three
excess-oxygen La9.33Si6O26 models, the O interstitial introduce
gap state which largely distributes in the O interstitial pair site in
real space, showing a ps-like anti-bonding characteristic.
For interstitial-mediated diffusion in La9.33Si6O26, we found
that the calculated migration energies were small and had charge-
dependent characteristics: 0.85 eV for Oi
, 0.38 eV for O0i, and
0.58 eV for O0 0i. In spite of the similarity of the atomic configu-
ration to that found in a previous study, the barrier height of O0 0i
was higher due to the strong effects of VLa. These results support
the idea that O interstitials are quite mobile in the ionic
conductor La9.33Si6O26. Our calculated diffusion barriers are in
agreement with previously reported experimental values.
Furthermore, the sensitivity of the local potential energy of an
oxygen interstitial, especially a charged one, in response to the
distance to a preexisting VLa cannot be ignored.
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